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Abstract. Old-growth forests are optimal habitats for many woodpeckers, which are often themselves
excellent indicators of deadwood-associated biodiversity. Old-growth forests are, however, heterogeneous
ecosystems in terms of structure, composition, and deadwood characteristics, thus implying a varied use
of these forests by woodpeckers. In boreal landscapes, old-growth stands are threatened by forest harvest-
ing; however, there is little information in regard to the consequences for biodiversity with the loss of speci-
fic types of old-growth forests. This study aimed to assess how the black-backed woodpecker (Picoides
arcticus), a biodiversity indicator species associated with old-growth forest attributes, uses different types
of old-growth forests for its foraging needs. We identified woodpecker foraging marks in 24 boreal old-
growth forest stands in eastern Canada that were dominated by black spruce (Picea mariana), located
within the home range of eight black-backed woodpeckers. We identified the various old-growth forest
types using a typology based on the structural attributes of old-growth stands. We classified the sampled
stands into four old-growth forest types, corresponding to different successional stages (recent or old, rela-
tive to the onset of the old-growth stage), composition (pure black spruce or mixed black spruce–balsam fir
[Abies balsamea]), and productivity (ongoing paludification or not). The black-backed woodpecker foraged
in all types of old-growth forests, but favored dense old-growth forests that were not paludified and that
showed a high temporal continuity (i.e., old-growth dynamics probably started more than a century ago).
The temporal continuity of the old-growth state allows for the continuous supply of large, slightly decayed
snags, the preferred foraging substrates of the black-backed woodpecker. The old-growth forest type most
favored by this woodpecker is, however, also the forest type most often targeted first by logging opera-
tions. Protecting the biodiversity associated with recent deadwood in managed areas thus requires main-
taining a sufficient area and density of dense, old-growth black spruce-dominated forests in managed
areas.
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INTRODUCTION
Over the last centuries, anthropogenic activi-
ties have directly and indirectly degraded and
fragmented global forest ecosystems (Curtis et al.
2018, Watson et al. 2018). These significant and
increasing changes to forest structure, composi-
tion, dynamics, and connectivity now threaten
biodiversity and a wide range of ecosystem ser-
vices (Betts et al. 2017, Watson et al. 2018). Specif-
ically, anthropogenic activities, such as
industrial-scale forest management, have led to a
marked disappearance of old-growth forests—
stands at the final stage of forest succession, com-
posed of shade-tolerant species and driven by
secondary disturbances—in almost all forest
biomes (Achard et al. 2009, Frank et al. 2009,
Grondin et al. 2018). Old-growth forests are
defined by structural attributes that are either
absent or less abundant in younger and/or man-
aged forests. These attributes include an irregular
structure and a large volume of deadwood,
found either as standing dead trees (i.e., snags)
or as fallen logs (i.e., coarse woody debris; CWD)
in various stages of decay (Schulze et al. 2009,
Paillet et al. 2015). Consequently, old-growth for-
ests offer specific habitats for a diverse range of
species (Ohlson et al. 1997, Schulze et al. 2009,
Fenton and Bergeron 2011, Schowalter 2017). The
ecological continuity of these ecosystems is also
vital for many low-dispersal or disturbance-sen-
sitive species (Jonsson et al. 2005, Frank et al.
2009, Barbe et al. 2017). These particular attri-
butes and characteristics of old-growth forests
also provide important ecosystem services, such
as carbon sequestration as well as water storage
and filtration (Watson et al. 2018, Warren et al.
2019).
Maintaining large and continuous areas of old-
growth forest, or at least emulating their charac-
teristics in managed stands, has therefore
become a major forest management issue (Bau-
hus et al. 2009, Freibauer 2009, Gauthier et al.
2009). Recent studies have, however, emphasized
that rather than being homogeneous entities, old-
growth forests consist of a mosaic of stands that
vary in their composition and structure, a pattern
dependent on both stand conditions and distur-
bance history (Halpin and Lorimer 2016, Meigs
et al. 2017, Martin et al. 2018). Knowing many
species are related to old-growth forest attributes
(Rheault et al. 2009, Fenton and Bergeron 2011,
Kozak et al. 2021), it is essential to distinguish
the relative importance of heterogeneity within
old-growth forests.
Much of the large remnant tracts of old-growth
forest are currently found in the boreal biome
because anthropogenic activities are relatively
recent in these territories compared with other
global biomes (Boucher et al. 2017, Watson et al.
2018, Svensson et al. 2019). Nonetheless, indus-
trial-scale forest management is provoking a
rapid decline and fragmentation of boreal old-
growth forest (€Ostlund et al. 1997, Aksenov et al.
1999, Bergeron et al. 2017, Svensson et al. 2020).
As a result, old-growth forests have almost com-
pletely disappeared in Fennoscandia (€Ostlund
et al. 1997, Shorohova et al. 2012, Halme et al.
2013); in Canada and Russia, remnant old-
growth forests remain, but they are rapidly
declining within managed areas (Aksenov et al.
1999, Bouchard and Pothier 2011, Grondin et al.
2018). In general, managed territories have expe-
rienced a shift from a more heterogeneous forest
mosaic under a fire-driven regime to a younger
homogeneous forest landscape (Schmiegelow
and M€onkk€onen 2002, Boucher et al. 2017). For
instance, Fennoscandian forests have been man-
aged very intensively over the last century
(Angelstam et al. 1997), and their loss of biodi-
versity lies in sharp contrast with that found in
adjacent natural Russian forests. This loss of bio-
diversity is mainly related to the homogenized
forest structure, changes in forest composition,
and the reduced number of large snags and
amount of large woody debris left behind in
managed forests (Berg et al. 1994, Angelstam
et al. 1997, Rassi et al. 2010). It is estimated that
from 30% to more than 50% of the red-listed spe-
cies in Scandinavia depend on old-growth ele-
ments such as deadwood (Tikkanen et al. 2006,
Tingstad et al. 2018). Deadwood characteristics
(e.g., volume, decay) in boreal old-growth forests
can vary markedly even at a small spatial scale
(Aakala et al. 2007, Aakala 2011, Martin et al.
2018). This variation in the characteristics of
deadwood depends on complex and interrelated
processes, including secondary disturbance his-
tory and stand abiotic characteristics, which
shape the structural diversity of old-growth for-
ests (Jonsson and Siitonen 2012, Martin et al.
2018, 2020b). However, Martin et al. (2020a)
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highlighted that in eastern Canada, the most eco-
nomically profitable old-growth forests are gen-
erally logged first and are therefore less
abundant in the remnant forests of managed ter-
ritories compared with natural forests. There is
therefore a risk that a loss of structural diversity
in old-growth forests will compound the general
loss of old-growth areal extent in managed land-
scapes. This loss could then aggravate the risks
to those species that depend on deadwood char-
acteristics specific to certain old-growth forest
types.
Many woodpecker species have been fre-
quently proposed as indicator species for dead-
wood-associated biodiversity in forested
landscapes (Angelstam and Mikusinski 1994,
Drapeau et al. 2009, Tremblay et al. 2015b)
because these species require a certain amount of
deadwood within their territories (Angelstam
et al. 2003, Butler et al. 2004, Tremblay et al. 2009,
2015b). In the boreal forests of eastern Canada,
black-backed woodpecker (Picoides arcticus) is
known to numerously invade recently burned
forests (Nappi and Drapeau 2011, Tremblay et al.
2015a, Tingley et al. 2018), but the species is also
associated with old-growth stands in unburned
forests (Setterington et al. 2000, Thompson et al.
2009, Tremblay et al. 2015b).
In unburned forests, this species forages
almost exclusively in coniferous forest stands
that are more than 90 yr old (Tremblay et al.
2009), and preferentially on recent snags (Trem-
blay et al. 2010, 2020a, Nappi et al. 2015). As
noted for other woodpecker species (Drever et al.
2008, Roberge et al. 2008), the presence of black-
backed woodpeckers within a given area likely
indicates the presence of other vulnerable species
related to old-growth forests, where secondary
disturbances, such as windthrows, produce
early-decay snags. Accordingly, in the province
of Quebec, the black-backed woodpecker has
been selected as an indicator species to address
ecosystem-based management issues related to
the proportion of remnant old-growth forest
stands or old-growth structural attributes (e.g.,
deadwood, microhabitats) in managed land-
scapes (Bujold 2013, Cheveau 2015). Research
related to the black-backed woodpecker has
mainly considered old-growth forests through
the use of age thresholds to characterize forest
stands (Drapeau et al. 2003, Tremblay et al. 2009,
Cadieux and Drapeau 2017). This approach may
not accurately describe how old-growth forest
dynamics influence deadwood availability for
this specific woodpecker as these ecosystems can
undergo a wide variety of structural changes
over time (Martin et al. 2018, 2020b, Moussaoui
et al. 2019) and at different timings (Uhlig et al.
2001). Moreover, tree age ceases to be a reliable
indicator of stand age at around 150 yr of age in
the boreal forests of eastern Canada due to the
relatively low (<200 yr) tree longevity (Garet
et al. 2012). Once this threshold is reached, the
use of chronosequences to discriminate old-
growth forest types or successional stages must
be therefore interpreted with caution.
To address this issue, Martin et al. (2018) pro-
posed a typology based on variations in struc-
tural attributes, including basal area, CWD
volume, the proportion of balsam fir in the basal
area, and gap fraction, to discriminate old-
growth forest types in eastern Canada and iden-
tify potential losses of structural diversity in
managed territories. This approach makes it
easier to understand how forest succession and
secondary disturbances shape old-growth forest
structures. The use of this typology may also
improve our understanding of black-backed
woodpecker ecology in large tracts of old-growth
forest by acknowledging the structural diversity
and dynamics of these old-growth forests.
Accordingly, Tremblay et al. (2009) observed that
foraging black-backed woodpeckers repeatedly
visit specific forest stands while showing no
interest in other apparently similar patches
within their home range. This pattern of use can
help identify the most vital old-growth forest
types for this species and thus contribute to bet-
ter target forests that need to be protected. Fur-
thermore, foraging activities by woodpeckers,
especially while excavating to attack preys
(Tremblay et al. 2020a), produce marks on trees
that remain for a long period of time. Hence, sur-
veying foraging marks is an efficient way to
assess woodpecker habitat use (Cadieux and
Drapeau 2017, Dufour-Pelletier et al. 2020). To
limit the risk of false positives (e.g., mark from a
woodpecker species different to the target spe-
cies), this approach nevertheless requires a good
knowledge of the woodpecker populations in the
study area. Similarly, to avoid false negatives
(e.g., marks not surveyed because hidden at the
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top of the tree), it is better to rely on standard-
ized approach where only the lower part of the
trunk is considered.
In this study, we evaluate how different old-
growth forest types may sustain habitats for the
black-backed woodpeckers, an indicator species
of biodiversity associated with old-growth forest
attributes. Specifically, we classified sampled
old-growth forest stands within the home ranges
of black-backed woodpeckers using the Martin
et al. (2018) old-growth forest typology, and
woodpecker foraging marks served as proxies of
the use of old-growth forests by this species.
Old-growth forest types are classified by their
specific structural attributes that may vary in
their ecological value for our indicator species.
Thus, we predicted that old-growth forest types
with a sufficient amount of deadwood would
offer greater foraging opportunities to the black-
backed woodpecker, and those with a continu-
ous supply of deadwood would be of greater
value on the long term. Our research offers an
original perspective by integrating both the
study of the diversity of boreal old-growth for-
ests at a fine scale and the use of these stands by
an indicator species. Our results could provide
effective tools for evaluating the ecological value
of different old-growth forest types in boreal
ecosystems and the importance of conserving
this diversity.
MATERIALS AND METHODS
Study territory and field sampling
The study area is located within the black
spruce–moss forest bioclimatic domain in
Quebec, Canada (Saucier et al. 1998). The main
tree species are black spruce (Picea mariana), bal-
sam fir (Abies balsamea), white birch (Betula papyr-
ifera), and, less commonly, jack pine (Pinus
banksiana), tamarack (Larix laricina), and trem-
bling aspen (Populus tremuloides). The main natu-
ral disturbance in this ecological domain is fire,
although spruce budworm (Choristoneura fumifer-
ana) outbreaks may affect smaller areas. Within
the study area, commercial timber harvesting
began in the 1990s (Boucher et al. 2017), and
most of the area has been logged under a mosaic
harvesting pattern, where logged and equivalent
residual forested blocks are interspaced across
the landscape (Fig. 1).
We conducted vegetation sampling during
summer 2007 within eight home ranges of black-
backed woodpecker delineated in Tremblay et al.
(2009). Briefly, woodpeckers have been caught
and radio-tracked in 2005 and 2006 and GPS
locations of birds were obtained by homing
method (Mech 1983). Individual home ranges
were calculated using all independent locations,
and minimum convex polygons (100% MCP;
Hayne 1949) were estimated. Habitat types were
classified into eight classes based on data from
the most recent provincial forest survey (barren
lands, defoliated by spruce budworm, recently
burned, old coniferous (>90 yr old), old cuts
(>5 yr old), young coniferous (<90 yr old), and
young cuts (<5 yr old) based on forest maps pub-
lished by the province of Quebec. Vegetation
sampling plots were randomly distributed
within the different home ranges at a ratio of one
plot for every 20 ha of home range area stratified
by habitat types within individual woodpecker
home ranges.
In this study, we focused only on old forest
stands sampled (between one and five old forest
stands sampled per home range). We established
0.04-ha circular plots (11.3 m radius), and for
each standing tree having a diameter at breast
height (DBH) ≥ 5.0 cm, we noted the following
physical characteristics: (1) tree species, (2)
height, (3) DBH, and (4) decay stage, the latter
based on the percentage of needles and remain-
ing bark as well as the tree-top condition (see
Table 1 in Tremblay et al. 2009). To evaluate the
CWD volume, we counted the number of
unburied, fallen logs along three 20-m transects
starting at one meter from the plot center (B€ohl
and Br€andli 2007). We then noted the log length
and DBH at the line/log intersection. We used the
B€ohl and Br€andli (2007) equation to estimate
CWD volume for each plot.
During sampling, we also noted the presence
of woodpecker foraging marks, that is, physical
signs made by the woodpecker when excavating
tree trunk to feed, within 0–3 m height, and
whether marks were recent (yellowish wood or
sharp, defined holes) or relatively older (grayish
wood and a smoother hole; Fig. 2). Such exca-
vated foraging marks are characteristic of the
black-backed woodpecker when individuals for-
age for wood-boring beetles from within dying
or recently dead coniferous trees (Tremblay et al.
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2010, 2020a). The American three-toed wood-
pecker (Picoides dorsalis) is the other woodpecker
species that is a specialist to conifers in the study
area; however, this species may also forage by
excavation, but would most of the time remove
bark scales to feed on bark beetles (Nappi et al.
2015, Tremblay et al. 2020b). The hairy wood-
pecker (Leuconotopicus villosus) can create forag-
ing marks by excavation somewhat similar to the
black-backed woodpecker. However, this species
is uncommon in the study area and mainly for-
age on broadleaved, further by sampling marks
only on the first three meters of the trunk to limit
the influence of variations from one tree to
another on the detection of feeding marks.
Hence, we are confident that most, if not all,
observed woodpecker foraging marks (excavated
holes) were associated with the black-backed
woodpecker, especially our vegetation sampling
occurred only within individual black-backed
woodpecker breeding home ranges. Our aim is
therefore to propose a standardized approach for
assessing the use of the studied forests by the
black-backed woodpecker, which is little influ-
enced by stand and tree characteristics. We con-
sider this approach more suitable than trying to
achieve an exhaustive census of its foraging
marks, which can lead to omission errors due to
foraging marks hidden at the top of the trees.
Based on field observations made during
radio-tracking (Tremblay et al. 2009, 2010), we
estimated that recent foraging marks are less
Fig. 1. Location of the 24 forest stands sampled (red circles) in the black spruce–moss forest domain in eastern
Canada (see Tremblay et al. 2009 for more details). The inset map indicates the location of the study territory in
Canada (red circle).
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than 1 yr old, while old foraging marks are older
than a year. Direct observations made during
radio-tracking studies allow documenting the
use of old-growth forests by tracked animals
only over years of the field sampling, while indi-
rect observations as feeding marks on trees offer
a historical use of old-growth forests by wood-
peckers. The differentiation between recent and
old foraging marks also makes it possible to dif-
ferentiate between short- and long-term uses,
which is not possible with radio-tracking studies.
However, indirect observations may not rely on
the species of interest or may be unobserved due
to visual obstruction or degradation of marks
and trees through time.
Identification of the old-growth forest types
A preliminary study of a map of ancient fires
(1890–1970) on the study territory highlighted
that all the surveyed stands had not burned for
at least 117 yr. This age exceeds the common age
threshold of the old-growth stage used in this
region (100 yr; Bergeron and Harper 2009). How-
ever, canopy breakup, that is, the beginning of
gap dynamics and thus the old-growth stage,
Kneeshaw and Gauthier (2003), generally occurs
between 70 and 200 yr following the last stand-
replacing fire in the boreal forests of eastern
Canada (Uhlig et al. 2001, Bergeron and Harper
2009, Gauthier et al. 2010). Therefore, stands that
are at least 117 yr old can be either (Martin et al.
2018) an even-aged forest (gap dynamics have
yet to start), transition old-growth forest (gap
dynamics have begun, but the even-aged cohort
remains dominant), or true old-growth forest
(gap dynamics have begun, and almost all of the
even-aged cohort has disappeared).
Stands of the same successional stage can
nonetheless be defined by very different struc-
tural attributes; these differences depend on nat-
ural disturbance dynamics, soil characteristics,
and topography (Martin et al. 2018). To better
understand the diversity of old-growth struc-
tures and to determine how these structures
change over time, Martin et al. (2018) developed
an old-growth forest typology. This typology is
based on old-growth stands sampled close to the
current study area (within 20–100 km) and relies
on CWD volume, the proportion of balsam fir in
the basal area (BFP), the basal area of living trees
(BA), and the gap fraction (GF; the percentage of
gaps in the canopy). As we did not measure GF
in our studied stands, we based our identifica-
tion of old-growth types solely on CWD, BFP,
and BA. Five of the 11 old-growth types identi-
fied by Martin et al. (2018) could be identified
using only CWD, BFP, and BA. For the remaining
types, GF only served to discriminate pairs of
A B
Fig. 2. Photography of a recent (A) and an old (B) foraging marks.
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old-growth types having similar CWD, BFP, and
BA values. For this reason, we could use the Mar-
tin et al.’s typology despite the absence of GF val-
ues for our studied stands.
To identify the old-growth forest types, we
first performed hierarchical clustering based on
the CWD, BFP, and BA values for each of the
studied stands—values were first standardized
and normalized to homogenize their mean and
variance. We used Ward’s linkage clustering
method (Ward 1963) and the Euclidean distances
to perform clustering via the vegan package
(Oksanen et al. 2018). We determined the optimal
number of clusters using the average silhouette
width method (Rousseeuw 1987). To facilitate
subsequent analyses, we also aimed for an equiv-
alent number of stands and a minimum of three
stands per cluster. For each cluster, we calculated
the mean values of CWD, BFP, and BA to deter-
mine the old-growth type, following the Martin
et al.’s (2018) typology. If it was impossible to
determine the old-growth type for a specific clus-
ter, we considered this type to be a novel old-
growth type, not identified by Martin et al.
(2018). We then compared the structural attri-
butes of the studied stands between the clusters
using permutation-based analysis of variance
(PERMANOVA; Anderson 2001). Analyses were
performed with the vegan package (Oksanen
et al. 2018), using the Euclidean distances and
10,000 permutations. We then performed pair-
wise PERMANOVA with the Bonferroni adjust-
ments, using the pairwiseAdonis package
(Martinez Arbizu 2020).
Foraging selection of woodpeckers and marks in
old-growth forest types
To better understand those forest characteris-
tics that most influence the recent and old wood-
pecker foraging marks in the studied old-growth
forest stands, we fit linear models using the lme4
package (Bates et al. 2015) in R. The explained
variable was the proportion of total snag basal
area presenting recent or old foraging marks on
the sampled snags. We compared models using
Akaike’s information criterion for small samples
(AICc; Burnham and Anderson 2002). Due to our
limited sample sizes, we reduced our candidate
models to six single models and an intercept-
only model for the analysis of both recent and
old foraging marks. We also ensured that
variables included in model selection were not
correlated; for this, we used an R < 0.7 (Pearson’s
correlation) threshold running the pairs.panel
function from the psych package (Revelle 2020).
We based our selection of variables by choosing
forest attributes that characterize old-growth for-
est types (Martin et al. 2018) and foraging selec-
tion by the black-backed woodpecker (Tremblay
et al. 2010, 2020a, Nappi et al. 2015). As a com-
plement to the linear model selection, we also
performed a bootstrapped linear regression
(Davidson and Hinkley 1997) to determine the
confidence interval of the obtained R2 value.
Each bootstrapped linear regression was per-
formed using the boot package and running
10,000 iterations (Canty and Ripley 2021). Boot-
strapped linear regressions were not performed
for the null models.
To compare the woodpecker use of each
old-growth forest type, we first compared the
density and the basal area of snags presenting
foraging marks, depending on their age class
(i.e., recent or old marks), between the clusters.
As large snags (DBH ≥ 20 cm) and recent snags
(decay categories 4 and 5; early decay) are used
significantly more for foraging relative to the
smaller and older snags (decay classes 6, 7, and
8; late decay, Tremblay et al. 2009, 2010), we also
compared the density in snags presenting recent
or old foraging marks between clusters. Finally,
we compared the frequency of recent foraging
marks among all foraging marks (i.e., recent and
old) between clusters. As above, we performed
PERMANOVA tests to compare the clusters,
using pairwise PERMANOVA tests with the
Bonferroni adjustments when the previous tests
were significant. All PERMANOVA tests were
based on the Euclidean distances and were run
with 10,000 iterations.
All the analyses were performed using R soft-
ware, version 3.6.1 (R Core Team 2019), and we
applied a significance threshold of P < 0.05.
RESULTS
Determination of old-growth forest types
Cluster 1 grouped forests composed almost
exclusively of black spruce (mean  standard
deviation for all results presented below;
98.3%  2.6% of the basal area) with a low basal
area (9.7 m2/ha), snag basal area (4.0  1.9 m2/ha),
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and large-snag density (16.7  25.8 large snags/
ha) where late-decay snags are dominant
(72.4%  30.4% of snag basal area; Table 1).
Cluster 2 differed from the other clusters mainly
because of its high proportion of early-decay
snags (70.7%  19.4%), but low snag basal area,
large-snag density, and CWD volume
(3.4  2.9 m2/ha, 25.0  22.4 large snags/ha,
and 12.1  6.4 m3/ha, respectively; Table 1).
Cluster 3 contained the highest proportion of
balsam fir (13.2%  6.5% of the basal area), a
high snag basal area (7.5  1.7 m2/ha), mostly at
a late-decay stage (85.1%  8.2% of snag basal
area), and a high density of large snags
(60.0  22.4 large snags/ha; Table 1). Finally in
cluster 4, we observed the highest basal area
(20.6  3.3 m2/ha), large-snag density
(96  68 large snags/ha), and CWD volume
(46.3  15.4 m3/ha), as well as a dominance of
late-decay snags (72.1%  15.9% of snag basal
area; Table 1).
Three of the clusters corresponded clearly to
the identified old-growth structures of the Mar-
tin et al.’s (2018) typology (Fig. 3): clusters 1, 2,
and 4. Cluster 2 grouped black spruce-domi-
nated stands that are considered as young old-
growth stands, that is, transition old-growth–gap
dynamics have begun; however, the even-aged
cohort still dominates. Cluster 4, on the other
hand, groups black spruce-dominated stands at
the true old-growth stage—gap dynamics have
begun, and almost the entire even-aged cohort
has disappeared. Cluster 1 grouped low-produc-
tivity stands, which can be even-aged, transition
old-growth, or true old-growth forests. Cluster 3,
the cluster that stood apart from the typology of
Martin et al. (2018), was similar to cluster 2,
except for a higher balsam fir abundance, highest
balsam fir abundance of all clusters, and higher
CWD values. These characteristics suggested
that cluster 3 grouped transition old-growth for-
ests of mixed black spruce and balsam fir stands.
Forest characteristics influencing woodpecker
foraging marks in old-growth stands
The proportion of early-decay snags drove the
abundance of recent foraging marks of the black-
backed woodpecker (wi = 0.94, Table 2A). Forest
stands characterized by a greater proportion of
early-decay snags presented higher proportions
of recent foraging marks. An increase of
10 early-decay snags/ha is related to an increase
in the proportion of recent foraging marks of
2.0% (P = 0.002; Fig. 4A). Similarly, we observed
the highest bootstrapped R2 value for this attri-
bute (0.35  0.16) and a 95% confidence interval
ranging from 0.05 to 0.65. On the other hand, the
basal area of trees drove the abundance of old
foraging marks of the black-backed woodpecker
(wi = 0.70) and, to a lesser extent, CWD volume
(wi = 0.11) and snag basal area (wi = 0.08;
Table 2B). However, only the basal area of trees
Table 1. Structural and deadwood attributes (mean  standard deviation) of the clustering of old-growth forest
types.
Attribute Cluster 1 (n = 6) Cluster 2 (n = 6) Cluster 3 (n = 5) Cluster 4 (n = 7) df F-stat P
Tree density (n/ha) 1158.3  405.5 1662.5  666.5 2130.0  478.4 1789.3  669.4 3 2.73 0.07
Basal area (m2/ha) 9.7  4.1 c 16.4  2.8 b 16.2  3.6 ab 20.6  3.3 a 3 10.74 <0.001
Percentage of black spruce 98.3  2.6 a 98.7  3.3 a 86.7  6.5 b 97.7  3.9 a 3 10.17 <0.001
Percentage of balsam fir 0.8  2.2 b 0  0 b 13.3  6.5 a 2.3  3.9 b 3 14.32 <0.001
Snag density (n/ha) 279.2  153.6 262.5  213.8 450.0  81.0 353.6  109.4 3 1.77 0.191
Large-snag† density (n/ha) 16.7  25.8 c 25.0  22.4 bc 60.0  22.4 ab 96.4  68.4 a 3 4.82 <0.001
Snag basal area (m2/ha) 4.0  1.9 b 3.4  2.9 b 7.5  1.7 a 7.4  4.4 ab 3 3.02 0.038
Percentage of early-decay
snags‡
27.6  30.4 b 70.7  19.4 a 14.8  8.1 b 27.8  15.9 b 3 8.31 0.001
Percentage of late-decay
snags‡
72.4  30.4 a 29.3  19.4 b 85.2  8.2 a 72.2  16.0 a 3 8.31 0.001
CWD volume (m3/ha) 21.3  10.5 bc 12.1  6.4 c 27.5  5.3 b 46.4  15.4 a 3 12.08 <0.001
Notes: CWD, coarse woody debris. n indicates the number of stands per cluster and letters indicate significant differences,
with a > b > c. The terms df, F-stat, and P indicate, respectively, the degrees of freedom, the F-statistic, and the P-value
obtained from each PERMANOVA test.
† Diameter at breast height >20 cm.
‡ Percentage calculated using the basal area of all snags.
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had a significant effect (P = 0.008), where a 1 m2/
ha increase in tree basal area increased the pro-
portion of old foraging marks by 1.1% (Fig. 4B).
The effect of CWD volume and snag basal area
was, however, not significant (P = 0.11 and
P = 0.08, respectively). Similarly, the confidence
intervals observed for basal area, CWD volume,
and snag basal area were defined by values close
to zero. The influence of the structural attributes
was therefore less marked for the frequency of
old foraging marks than for the frequency of
recent foraging marks.
Woodpecker foraging marks within the different
types of old-growth forests
Overall, the basal area of snags having recent
foraging marks varied slightly, and not signifi-
cantly, between the clusters of old-growth forests
(from 0.8  0.5 to 1.9  1.6 m2/ha for clusters 3
and 4 respectively; Fig. 5A). We observed most
recent foraging marks in cluster 4 on large snags
(1.6  1.7 m2/ha), a significantly greater amount
than cluster 3 (0 m2/ha; Fig. 5C). Interestingly,
cluster 4 also presented significantly higher snag
basal areas having old foraging marks
(2.1  1.5 m2/ha) than in clusters 1 and 2
(0.7  0.6 m2/ha and 0.3  0.4 m2/ha, respec-
tively; Fig. 5B); this pattern was most related to
the basal area of large snags (Fig. 5D). When we
considered only the basal area of snags that pre-
sented feeding marks, cluster 2 had the highest
proportion of snags with recent foraging marks
(85.2%  16.7%), a value significantly higher
than that of clusters 1 and 4 (41.9%  28.3% and
50.9%  12.4%, respectively; Fig. 5E).
DISCUSSION
Old-growth forests are often presented as
being homogeneous entities; however, our
results support that boreal old-growth forest
stands are not homogeneous, but rather they are
defined by specific structural attributes that cor-
respond to particular old-growth types and exhi-
bit differential use by foraging woodpeckers.
Overall, one of our identified clusters grouped
low-productivity forests, two clusters reflected
transition old-growth forests distinguished from
each other by the relatively high presence of bal-
sam fir in the basal area, and a fourth cluster
grouped true old-growth forests, that is, stands
at the end of forest succession, dominated by
black spruce. All old-growth forest types pre-
sented evidence of woodpecker foraging, but the
abundance of these foraging marks varied over
time. Our results demonstrate that even if wood-
peckers forage within all types of old-growth for-
est, specific old-growth forest types provide a
Fig. 3. Old-growth forest typology for the 24 old-growth forest stands surveyed in the black spruce–moss for-
est domain in eastern Canada (adapted from Martin et al. 2018). Bold text indicates the clusters identified in the
study, and the red text/lines indicate novel old-growth forest types. Abbreviations are BA, basal area; BF, balsam
fir; BFP, balsam fir proportion; BS, black spruce; CWD, coarse woody debris volume; Even-aged, even-aged suc-
cessional stage; Transition OG, transition old-growth successional stage; True OG, true old-growth successional
stage.
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significantly greater temporal value to this spe-
cies. The most suitable forest types for wood-
pecker foraging, that is, high snag density,
including large snags of all decay stages, are the
denser and older old-growth forests, dominated
by black spruce. Large tracts of old-growth forest
comprise a mosaic of various forest types, and
their specific ecological value for a given species
varies across these larger areas of old-growth for-
est. Our results thus highlight the importance of
considering the internal diversity of old-growth
forest types, defined by differences in structural
attributes and tree species.
Diversity in old-growth forest types implies
different uses by woodpeckers for foraging
The different woodpecker foraging patterns
distinguished the various old-growth forest types
from each other. The abundance of early-decay
snags in the snag basal area greatly influenced the
proportion of observed recent foraging marks,
whereas the proportion of old foraging marks
was mostly explained by the basal area of living
trees. Hence, old-growth forest stands having an
excess of decayed deadwood may not be more
attractive for active foraging by black-backed
woodpeckers, as these birds select mainly recent
deadwood for foraging purposes (Tremblay et al.
2010, 2020a, Nappi et al. 2015). Forest stands that
exhibit a relatively continuous supply of recent
deadwood may, however, be visited regularly by
foraging woodpeckers; hence, such stands likely
contain both recent and old foraging marks. This
pattern is congruent with a study of the foraging
behavior of the Magellanic woodpecker (Cam-
pephilus magellanicus), which reported that indi-
viduals made foraging decisions based on visual
clues from the immediate vicinity to select indi-
vidual trees (Vergara et al. 2016) and forest stands
characterized by more favorable foraging sub-
strates are therefore used more intensively or
more frequently by this woodpecker. An experi-
mental study also supports this behavior; clus-
tered girdled trees contained a greater abundance
of woodpecker (Picoides sp.) marks than girdled
trees having a uniform distribution across a stand
(Dufour-Pelletier et al. 2020).
This foraging pattern of woodpeckers is sup-
ported by the Martin et al.’s (2018) old-growth
typology. Stands at the true old-growth stage
and dominated by black spruce (cluster 4) pre-
sented evidence—mostly through the high
Table 2. Model selection of the linear mixed-effect models and bootstrapped linear regressions related to the
influence of forest stand attributes on recent (A) and old (B) foraging marks of black-backed woodpeckers in
24 old black spruce forest stands.
Attribute df LogLik AICc DAIC Wi P
Bootstrapped R2
Mean  SD CI
(A) Recent foraging marks
Percentage of early-decay snags 3 82.53 172.3 0 0.94 0.002 0.35  0.16 0.05–0.65
Intercept 2 87.72 180.0 7.74 0.02 . . . . . . . . .
Snag basal area (m2/ha) 3 86.90 181.0 8.73 0.01 0.22 0.07  0.13 0.00–0.36
Tree density (n/ha) 3 87.06 181.3 9.05 0.01 0.27 0.05  0.09 0.00–0.34
Basal area (m2/ha) 3 87.37 181.9 9.68 <0.01 0.42 0.03  0.10 0.00–0.27
CWD volume (m3/ha) 3 87.63 182.5 10.19 <0.01 0.68 0.01  0.07 0.00–0.08
Percentage of balsam fir 3 87.69 182.6 10.31 <0.01 0.81 0.00  0.09 0.00–0.02
(B) Old foraging marks
Basal area (m2/ha) 3 87.50 182.2 0 0.70 0.008 0.27  0.17 0.01–0.62
CWD volume (m3/ha) 3 89.35 185.9 3.69 0.11 0.059 0.15  0.11 0.01–0.38
Snag basal area (m2/ha) 3 89.64 186.5 4.28 0.08 0.082 0.13  0.14 0.00–0.48
Intercept 2 91.33 187.2 5.02 0.06 . . . . . . . . .
Tree density (n/ha) 3 91.24 189.7 7.48 0.02 0.69 0.01  0.06 0.00–0.08
Percentage of balsam fir 3 91.31 189.8 7.61 0.02 0.85 0.00  0.05 0.00–0.02
Percentage early-decay snags 3 91.32 189.8 7.64 0.02 0.91 0.00  0.06 0.00–0.00
Notes: df, degrees of freedom; logLik, log-likelihood; AICc, corrected Akaike information criterion for small sample sizes;
Wi, Akaike weight; R
2, coefficient of determination; SD, standard deviation; CI, 95% confidence interval; CWD, coarse woody
debris. “. . .“ indicates no results for intercepts.
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proportion of either recent or old foraging marks
—for a continuous use by foraging woodpeckers.
In these old-growth forests, the dynamics shap-
ing the structural characteristics and complexity
of these stands began decades, if not centuries,
ago (Oliver and Larson 1996, Wirth et al. 2009).
Secondary disturbances therefore ensure a
continuous input of recent snags (Harper et al.
2005, Aakala et al. 2007, Martin et al. 2019),
which is the preferred foraging substrate of the
black-backed woodpecker (Tremblay et al. 2010,
2020a, Nappi et al. 2015). Similarly, we observed
a high density of large snags, having either
recent or old foraging marks. Thus, these stands
continually provide new and attractive sub-
strates for woodpecker foraging and represent a
high conservation value for deadwood-
associated species with early-decay but also late-
decay snags.
Our results differ for the transition old-growth
stands (clusters 2 and 3). For cluster 2, that is,
black spruce-dominated stands, old foraging
marks were scarce; snags were mainly small and
were at the earlier decay stages. This pattern sug-
gests a recent canopy breakup, and all snags
related to the last stand-replacing disturbance had
fallen (Brassard and Chen 2006, Aakala et al.
2008, Angers et al. 2010). Thus, black-backed
woodpeckers may have just begun to use these
stands for foraging. In contrast, black spruce–bal-
sam fir mixed stands (cluster 3) approached those
of cluster 4. This similarity is likely related to the
balsam fir composition in cluster 3 being similar
to that in cluster 4 (true old-growth stage). Forest
Fig. 4. Influence of (A) percentage of early-decay snags (%) in relation to the percentage of recent foraging
marks and (B) basal area of trees (m2/ha) in relation to the proportion of old foraging marks of black-backed
woodpeckers in 24 old-growth forest stands in the black spruce–moss forest domain in eastern Canada (dark
green line represents the linear regression, and the green-shaded zone represents the 95% confidence interval).
For brevity, we present only for the top model of each type of foraging mark (i.e., recent and old; see Table 2).
Abbreviations are BF, balsam fir; BS, black spruce.






































































1 (Low-productivity; n = 6)
2 (Transitory BS; n = 6)
3 (Transitory BS-BS; n = 5)










E df = 3, F-stat = 3.560, p = 0.032
df = 3, F-stat = 1.138, p = 0.362 df = 3, F-stat = 3.748, p = 0.018
df = 3, F-stat = 2.974, p = 0.025 df = 3, F-stat = 4.348, p = 0.010










Fig. 5. Boxplots of basal area of snags with recent foraging marks (A), and old foraging marks (B), basal area of
large snags (diameter at breast height > 20 cm) with recent foraging marks (C), and old foraging marks (D). The
ratio of snags having recent foraging marks in relation to snags having old foraging marks (E) in 24 old-growth for-
est stands within the black spruce–moss forest domain in eastern Canada (red dots indicate mean values, thick hor-
izontal lines indicate median values, box extremities indicate first and third quartiles, thin vertical lines indicate
first and ninth deciles, points indicate outliers, letters indicate significant differences, with a > b > c). Abbrevia-
tions are df, degrees of freedom; F-stat, F-statistic; P, P-value; BF, balsam fir; BS, black spruce.
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stands that have a mix of black spruce and bal-
sam fir present generally more recurrent and sev-
ere disturbances than black spruce-dominated
forests where balsam fir is scarce (Pham et al.
2004, Grandpre et al. 2018, Martin et al. 2018).
Furthermore, canopy breakup generally begins
earlier in stands favorable to balsam fir develop-
ment (Uhlig et al. 2001). Snags may therefore have
appeared much earlier in cluster 3 than in cluster
2. This earlier appearance would explain the
advanced snag decay stage, highly variable basal
area, and a higher proportion of old foraging
woodpecker marks in the cluster 3 stands. Values
for these properties were quite similar to those
observed in cluster 4. Old-growth dynamics were
not sufficiently advanced, however, to produce
new large snags at an early-decay stage, as most
of these snags likely originated from canopy
breakup. The abundance and diversity of foraging
substrates were, therefore, lower in the transition
old-growth forests than in the true old-growth
forests.
The high proportion of black spruce and the
relatively high tree density and CWD volume of
cluster 1 show that this cluster groups black
spruce-dominated stands undergoing paludifica-
tion rather than even-aged stands where black
spruce is often mixed with jack pine (respec-
tively, groups 11 and 1 as defined by Martin et al.
2018). As paludification is a progressive process
that generally only starts after 200 yr following
the last high-severity fire (Fenton et al. 2005,
Lecomte et al. 2006), it is, therefore, likely that
these stands were mostly true old-growth types.
The low productivity of these stands, however,
limits the abundance of large snags (Harper et al.
2003). In our study, paludified true old-growth
stands presented the lowest abundance of large
snags (16.7  25.8 large snags/ha), albeit with a
marked variability. Yet, the proportion of snags
having recent foraging marks was similar for
cluster 1 (paludified true old-growth stand) and
cluster 4 (dense true old-growth stands), sug-
gesting that paludified stands continue to be vis-
ited by foraging woodpeckers. Regardless, these
paludified stands likely provide fewer foraging
opportunities over the long term than dense and
productive old-growth forests (cluster 4), which
contain a greater basal area of snags—mostly lar-
ger snags with old foraging marks. Hence, the
paludified true old-growth stand type may
appear more like barren lands (mostly wetlands),
which are habitats that are used proportionally
to their availability by the black-backed wood-
pecker in the region (Tremblay et al. 2009).
Black-backed woodpecker as an indicator species
for boreal old-growth forest-related biodiversity
Dense and productive true old-growth forests
were the most favorable old-growth forest type
for black-backed woodpeckers. The recurrent
and significant inputs of new and often large
snags in these stands ensure the temporal stabil-
ity of foraging resources (sensu Tremblay et al.
2010). In contrast, stands entering into an old-
growth stage (i.e., transition old-growth forests)
and low-production stands lacked at least one of
these structural attributes. These results imply
that the abundance of black-backed woodpeckers
in boreal forest stands that have not been recently
burned may indicate the presence of true old-
growth forests that have remained productive
over the centuries (Pollock and Payette 2010,
Ward et al. 2014). Temporal continuity of the old-
growth stage is important for many disturbance-
sensitive and/or low-dispersal species, such as
some arthropod, bryophytes, or lichen species
(Fenton and Bergeron 2011, Norden et al. 2014,
Boudreault et al. 2018). Similarly, balsam fir may
require several decades or centuries to recolonize
a stand after a fire as, unlike black spruce, this
species is not fire-adapted (Harvey et al. 2002).
Further, richness in deadwood-related species is
dependent on deadwood abundance and diver-
sity, in terms of both decay stages and tree spe-
cies (McMullin et al. 2010, Stokland et al. 2012,
Wagner et al. 2014). Long-term successional pro-
cesses observed in true old-growth forests hence
allow the development of a multicohort age
structure and a continuous secondary distur-
bance regime, which provide diverse and abun-
dant deadwood habitats (Brassard and Chen
2006, Aakala 2011, Ruokolainen et al. 2018). The
complex structure observed in the oldest stands
is also important for some arthropod or bird spe-
cies (Drapeau et al. 2003, Schowalter 2017) while,
at a larger scale, the continuous temporal pres-
ence of old-growth forests in contiguous land-
scapes is vital for endangered mammal species
such as woodland caribou (Rangifer tarandus cari-
bou; Schaefer 2003, Vors et al. 2007). Our study
therefore reinforces the status of the black-backed
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woodpecker as an indicator species in eastern
boreal forests, not only for confirming the pres-
ence of old-growth forests but also for evaluating
the ecological value of these forests as habitat.
Discriminating old-growth forest types: a
necessary step to ensure their sustainable
management and biodiversity conservation
Our results highlight that the use of this old-
growth typology, coupled with observations of
foraging marks of an indicator species, improved
the assessment of the ecological roles of the dif-
ferent types of old-growth forest types. Admit-
tedly, our methodology based on the presence
of foraging marks on the first meters of trunks
(0–3 m) is different from an exhaustive census.
Other marks can be found on branches or at the
top of the tree, implying that our results do not
represent the true abundance of foraging marks
in the studied stands, but rather the presence or
absence of foraging marks. Similarly, old-growth
forests are dynamic ecosystems and marks may
gradually disappear due to snag breakage and
degradation. The old foraging marks identified
in this study are certainly older than one year,
but it was impossible to estimate their true age,
which can be variable from one mark to another.
Nevertheless, we consider that our standardized
approach (identification of marks on the first 3 m
of the trunk) limits omission errors by making
the inventory less dependent on the individual
tree and stand characteristics (e.g., marks hidden
by a dense canopy, stand history). Similarly, and
although it lacks temporal precision, we consider
this approach to be a good complement to radio-
tracking methods for a longer-term view of the
use of forest stands by woodpeckers. We are also
confident that the black-backed woodpecker was
responsible for the vast majority, if not all, of the
feeding marks observed in this study, given (1)
the studied stands were situated within the indi-
vidual home range, and (2) other woodpecker
species that may have been present either forage
on broadleaved trees (i.e., hairy woodpecker) or
are foraging by other methods characterized by
very different foraging marks (i.e., American
three-toed woodpecker).
Overall, our study demonstrates that not all
old-growth forest types are equivalent, and their
differences in terms of structural attributes offer
different foraging substrates for the black-backed
woodpecker; the quality of foraging habitat is
therefore highly variable. A large tract of old-
growth forest is, therefore, not homogeneous but
rather consists of an agglomeration of multiple
forest types. Thus, our approach for determining
old-growth forest types provides a clearer pic-
ture of the mosaic of forest types within large
areas of old-growth forest. It also helps to evalu-
ate the extent to which our study was representa-
tive of the diversity in old-growth forest types
found in the study region.
Although our study focused on classifying
old-growth forests found within black-backed
woodpecker home ranges, we identified only
three of the 11 old-growth types identified by
Martin et al. (2018); the stands were mostly
exclusive forest types, dominated by black
spruce, and found at a limited number of stands.
Thus, complementary studies are necessary to
evaluate how biodiversity and indicator species
abundance vary between old-growth types over
a larger area within the black sprucemoss bio-
climatic domain, as well as within other ecologi-
cal domains of the boreal biome. Moreover, one
of the identified clusters (cluster 3) represented a
novel old-growth type that Martin et al. (2018)
acknowledged as being likely missing from their
typology. New research could therefore also help
expand this typology, improving our knowledge




This study highlights that the presence of our
indicator, that is, woodpecker foraging marks, in
large tracts of old-growth forest, is not homoge-
neous but varies depending on the particular
old-growth forest type in which they are found.
This variability relates mainly to differences in
snag characteristics (density, size, and decay
stage), which are closely related to tree senes-
cence and mortality dynamics (Siitonen 2001,
Aakala et al. 2007, Aakala 2011). Our results
underscore that the diversity of old-growth forest
types implies a significant variability in terms of
resources and habitats (Rheault et al. 2009, Fen-
ton and Bergeron 2011, Boudreault et al. 2013).
Although our results indicate a plasticity of
woodpecker stand selection for foraging, the loss
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or degradation of specific old-growth forest
types may negatively affect their populations
(sensu Tremblay et al. 2014). Therefore, maintain-
ing the biodiversity related to old-growth forests
involves maintaining the diversity in forest types
beyond simply protecting the amount and con-
figuration of forest stands (Schmiegelow and
M€onkk€onen 2002, Kneeshaw et al. 2018, Kuulu-
vainen and Gauthier 2018).
Dense and productive old-growth forests domi-
nated by black spruce provide better substrates
for woodpecker foraging than paludified stands
and forests where trees from the pioneer cohort
remain abundant, that is, younger old-growth for-
est stand types. Nonetheless, Martin et al. (2020a)
observed that in this region significantly more
logging occurs in the denser and older black
spruce-dominated stands than within the younger
and/or more open stands. Similarly, the high rate
of logging and the short forest rotation (<100 yr)
as applied to the boreal forests of Quebec signifi-
cantly limit the recruitment of new old-growth
stands (Bergeron et al. 2002). Therefore, the
old-growth forest types most favorable for our
biodiversity indicator are declining in managed
territories, and our results urge conservation of
productive old-growth forests given that they are
increasingly scarce in managed landscapes
despite playing critical ecological roles in offering
specific habitats to heighten biodiversity.
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et des Parcs du Quebec, Quebec, Quebec, Canada.
Curtis, P. G., C. M. Slay, N. L. Harris, A. Tyukavina,
and M. C. Hansen. 2018. Classifying drivers of glo-
bal forest loss. Science 361:1108–1111.
Davidson, A. C., and D. V. Hinkley. 1997. Bootstrap
methods and their application. Cambridge Univer-
sity Press, Cambridge, UK.
De Grandpre, L., K. Waldron, M. Bouchard, S. Gau-
thier, M. Beaudet, J. C. Ruel, C. Hebert, and D. D.
Kneeshaw. 2018. Incorporating insect and wind
disturbances in a natural disturbance-based man-
agement framework for the boreal forest. Forests
9:1–20.
Drapeau, P., A. Leduc, J. P. Savard, Y. Bergeron, and S.
Gauthier. 2003. Bird communities of old spruce-
moss forests in the Clay Belt region: problems and
solutions in forest management. Forestry Chronicle
79:531–540.
Drapeau, P., A. Nappi, L. Imbeau, and M. Saint-Ger-
main. 2009. Standing deadwood for keystone bird
species in the eastern boreal forest: managing for
snag dynamics. Forestry Chronicle 85:227–234.
Drever, M. C., K. E. H. Aitken, A. R. Norris, and K.
Martin. 2008. Woodpeckers as reliable indicators of
bird richness, forest health and harvest. Biological
Conservation 141:624–634.
Dufour-Pelletier, S., J. A. Tremblay, C. Hebert, T.
Lachat, and J. Ibarzabal. 2020. Testing the effect of
snag and cavity supply on deadwood-associated
species in a managed boreal forest. Forests 11:1–17.
Fenton, N. J., and Y. Bergeron. 2011. Dynamic old-
growth forests ? A case study of boreal black
spruce forest bryophytes. Silva Fennica 45:983–994.
Fenton, N. J., N. Lecomte, S. Legare, and Y. Bergeron.
2005. Paludification in black spruce (Picea mariana)
forests of eastern Canada: potential factors and
management implications. Forest Ecology and
Management 213:151–159.
Frank, D., M. Finkch, and C. Wirth. 2009. Impact of
land use on habitat functions of old-growth forests
and their biodiversity. Pages 429–450 in C. Wirth,
 v www.esajournals.org 16 May 2021 v Volume 12(5) v Article e03507
MARTIN ETAL.
G. Gleixner, and M. Heimann, editors. Old-growth
forests: function, fate and value. Ecological.
Springer-Verlag, Berlin, Germany.
Freibauer, A. 2009. Old-growth forests in the context
of international environmental agreements. Pages
451–464 in C. Wirth, G. Gleixner, and M. Helmann,
editors. Old-growth forests: function, fate and
value. Springer, Berlin, Germany.
Garet, J., F. Raulier, D. Pothier, and S. G. Cumming.
2012. Forest age class structures as indicators of
sustainability in boreal forest: Are we measuring
them correctly? Ecological Indicators 23:202–210.
Gauthier, S., D. Boucher, J. Morissette, and L. De
Grandpre. 2010. Fifty-seven years of composition
change in the eastern boreal forest of Canada. Jour-
nal of Vegetation Science 21:772–785.
Gauthier, S., M.-A. Vaillancourt, A. Leduc, L. De
Grandpre, D. D. Kneeshaw, H. Morin, P. Drapeau,
and Y. Bergeron 2009. Ecosystem management in
the boreal forest. Presses de l’Universite du
Quebec, Quebec, Quebec, Canada.
Grondin, P., S. Gauthier, V. Poirier, P. Tardif, Y. Bou-
cher, and Y. Bergeron. 2018. Have some landscapes
in the eastern Canadian boreal forest moved
beyond their natural range of variability? Forest
Ecosystems 5:30.
Halme, P., et al. 2013. Challenges of ecological restora-
tion: lessons from forests in northern Europe. Bio-
logical Conservation 167:248–256.
Halpin, C. R., and C. G. Lorimer. 2016. Trajectories and
resilience of stand structure in response to variable
disturbance severities in northern hardwoods. For-
est Ecology and Management 365:69–82.
Harper, K. A., Y. Bergeron, P. Drapeau, S. Gauthier,
and L. De Grandpre. 2005. Structural development
following fire in black spruce boreal forest. Forest
Ecology and Management 206:293–306.
Harper, K. A., C. Boudreault, L. DeGrandpre, P. Dra-
peau, S. Gauthier, and Y. Bergeron. 2003. Structure,
composition, and diversity of old-growth black
spruce boreal forest of the Clay Belt region in Quebec
and Ontario. Environmental Reviews 11:S79–S98.
Harvey, B. D., A. Leduc, S. Gauthier, and Y. Bergeron.
2002. Stand-landscape integration in natural distur-
bance-based management of the southern boreal
forest. Forest Ecology and Management 155:369–
385.
Hayne, D. W. 1949. Calculation of size of home range.
Journal of Mammalogy 30:1–18.
Jonsson, B. G., N. Kruys, and T. Ranius. 2005. Ecology
of species living on dead wood – Lessons for dead
wood management. Silva Fennica 39:289–309.
Jonsson, B. G., and J. Siitonen. 2012. Dead wood and
sustainable forest management. Pages 303–337 in
J. N. Stokland, J. Siitonen, and B. G. Jonsson,
editors. Biodiversity in dead wood. Cambridge
University Press, New York, New York, USA.
Kneeshaw, D. D., P. J. Burton, L. De Grandpre, S. Gau-
thier, and Y. Boulanger. 2018. Is management or
conservation of old growth possible in North
American boreal forests? Pages 139–157 in A. M.
Barton and W. S. Keeton, editors. Ecology and
recovery of eastern old-growth forests. Island
Press, Washington, D.C., USA.
Kneeshaw, D. D., and S. Gauthier. 2003. Old growth in
the boreal forest: a dynamic perspective at the
stand and landscape level. Environmental Reviews
11:S99–S114.
Kozak, D., et al. 2021. Historical disturbances deter-
mine current taxonomic, functional and phyloge-
netic diversity of saproxylic beetle communities in
temperate primary forests. Ecosystems 24:37–55.
Kuuluvainen, T., and S. Gauthier. 2018. Young and old
forest in the boreal: critical stages of ecosystem
dynamics and management under global change.
Forest Ecosystems 5:15.
Lecomte, N., M. Simard, N. J. Fenton, and Y. Bergeron.
2006. Fire severity and long-term ecosystem bio-
mass dynamics in coniferous boreal forests of east-
ern Canada. Ecosystems 9:1215–1230.
Martin, M., Y. Boucher, N. J. Fenton, P. Marchand, and
H. Morin. 2020a. Forest management has reduced
the structural diversity of residual boreal old-
growth forest landscapes in Eastern Canada. Forest
Ecology and Management 458:1–10.
Martin, M., C. Krause, N. J. Fenton, and H. Morin.
2020b. Unveiling the diversity of tree growth pat-
terns in boreal old-growth forests reveals the rich-
ness of their dynamics. Forests 11:1–18.
Martin, M., N. J. Fenton, and H. Morin. 2018. Struc-
tural diversity and dynamics of boreal old-growth
forests case study in Eastern Canada. Forest Ecol-
ogy and Management 422:125–136.
Martin, M., H. Morin, and N. J. Fenton. 2019. Second-
ary disturbances of low and moderate severity
drive the dynamics of eastern Canadian boreal old-
growth forests. Annals of Forest Science 76:1–16.
Martinez Arbizu, P. 2020. pairwiseAdonis: pairwise
multilevel comparison using Adonis. R package
version 0.4. https://github.com/pmartinezarbizu/pa
irwiseAdonis
McMullin, R. T., P. N. Duinker, D. H. S. Richardson, R.
P. Cameron, D. C. Hamilton, and S. G. Newmaster.
2010. Relationships between the structural com-
plexity and lichen community in coniferous forests
of southwestern Nova Scotia. Forest Ecology and
Management 260:744–749.
Mech, L. D. 1983. Handbook of animal radiotracking.
University of Minneapolis Press, Minneapolis,
Minnesota, USA.
 v www.esajournals.org 17 May 2021 v Volume 12(5) v Article e03507
MARTIN ETAL.
Meigs, G. W., et al. 2017. More ways than one: mixed-
severity disturbance regimes foster structural
complexity via multiple developmental pathways.
Forest Ecology and Management 406:410–426.
Moussaoui, L., A. Leduc, N. J. Fenton, B. Lafleur, and
Y. Bergeron. 2019. Changes in forest structure along
a chronosequence in the black spruce boreal forest:
identifying structures to be reproduced through silvi-
cultural practices. Ecological Indicators 97:89–99.
Nappi, A., and P. Drapeau. 2011. Pre-fire forest condi-
tions and fire severity as determinants of the qual-
ity of burned forests for deadwood-dependent
species: the case of the black-backed woodpecker.
Canadian Journal of Forest Research 41:994–1003.
Nappi, A., P. Drapeau, and A. Leduc. 2015. How
important is dead wood for woodpeckers foraging
in eastern North American boreal forests? Forest
Ecology and Management 346:10–21.
Norden, B., A. Dahlberg, T. E. Brandrud, €O. Fritz, R.
Ejrnaes, and O. Ovaskainen. 2014. Effects of ecolog-
ical continuity on species richness and composition
in forests and woodlands: a review. Ecoscience
21:34–45.
Ohlson, M., L. S€oderstr€om, G. H€ornberg, O. Zackris-
son, and J. Hermansson. 1997. Habitat qualities
versus long-term continuity as determinants of bio-
diversity in boreal old-growth swamp forests. Bio-
logical Conservation 81:221–231.
Oksanen, J., et al. 2018. vegan: community ecology
package. https://cran.r-project.org/web/packages/
vegan/index.html
Oliver, C. D., and B. C. Larson. 1996. Forest stand
dynamics. John Wiley & Sons, Hoboken, New Jer-
sey, USA.
€Ostlund, L., O. Zackrisson, and A.-L. Axelsson. 1997.
The history and transformation of a Scandinavian
boreal forest landscape since the 19th century.
Canadian Journal of Forest Research 27:1198–1206.
Paillet, Y., C. Pernot, V. Boulanger, N. Debaive, M.
Fuhr, O. Gilg, and F. Gosselin. 2015. Quantifying
the recovery of old-growth attributes in forest
reserves: a first reference for France. Forest Ecology
and Management 346:51–64.
Pham, A. T., L. De Grandpre, S. Gauthier, and Y. Berg-
eron. 2004. Gap dynamics and replacement pat-
terns in gaps of the northeastern boreal forest of
Quebec. Canadian Journal of Forest Research
34:353–364.
Pollock, S. L., and S. Payette. 2010. Stability in the pat-
terns of long-term development and growth of the
Canadian spruce-moss forest. Journal of Biogeog-
raphy 37:1684–1697.
R Core Team. 2019. R: a language and environment for
statistical computing. R Foundation for Statistical
Computing, Vienna, Austria.
Rassi, P., E. Hyv€arinen, A. Juslen, and I. Mannerkoski.
2010. The 2010 Red List of Finnish species. Ministry
of the Environment, Helsinki, Finland.
Revelle, W. 2020. psych: procedures for psychological,
psychometric, and personality research package.
https://cran.r-project.org/web/packages/psych/inde
x.html
Rheault, H., L. Belanger, P. Grondin, R. Ouimet, C.
Hebert, and C. Dussault. 2009. Stand composition
and structure as indicators of epixylic diversity in
old-growth boreal forests. Ecoscience 16:183–196.
Roberge, J., P. Angelstam, and M. A. Villard. 2008. Spe-
cialised woodpeckers and naturalness in hemiboreal
forests – Deriving quantitative targets for conserva-
tion planning. Biological Conservation 141:997–1012.
Rousseeuw, P. J. 1987. Silhouettes: a graphical aid to
the interpretation and validation of cluster analy-
sis. Journal of Computational and Applied Mathe-
matics 20:53–65.
Ruokolainen, A., E. Shorohova, R. Penttil€a, V. Kotkova,
and H. Kushnevskaya. 2018. A continuum of dead
wood with various habitat elements maintains the
diversity of wood-inhabiting fungi in an old-
growth boreal forest. European Journal of Forest
Research 137:707–718.
Saucier, J.-P., J.-F. Bergeron, P. Grondin, and A. Robi-
taille. 1998. Les zones de vegetation et les
domaines bioclimatiques du Quebec. Ministere des
Ressources naturelles du Quebec, Sainte-Foy,
Quebec, Canada.
Schaefer, J. A. 2003. Long-term range recession and the
persistence of caribou in the taiga. Conservation
Biology 17:1435–1439.
Schmiegelow, F. K. A., and M. M€onkk€onen. 2002.
Habitat loss and fragmentation in dynamic land-
scapes: avian perspectives from the boreal forest.
Ecological Applications 12:375–389.
Schowalter, T. 2017. Arthropod diversity and func-
tional importance in old-growth forests of North
America. Forests 8:97.
Schulze, E. D., D. Hessenm€oller, A. Knohl, S. Luys-
saert, A. Boerner, and J. Grace. 2009. Temperate
and boreal old-growth forests: How do their
growth dynamics and biodiversity differ from
young stands and managed forests? Pages 343–366
in C. Wirth, G. Gleixner, and M. Heimann, editors.
Old-growth forests: function, fate and value. Eco-
logical. Springer-Verlag, Berlin, Germany.
Setterington, M. A., I. D. Thompson, and W. A. Mon-
tevecchi. 2000. Woodpecker abundance and habitat
use in mature balsam fir forests in Newfoundland.
Journal of Wildlife Management 64:335–345.
Shorohova, E., D. D. Kneeshaw, T. Kuuluvainen, and
S. Gauthier. 2011. Variability and dynamics of old-
growth forests in the circumboreal zone:
 v www.esajournals.org 18 May 2021 v Volume 12(5) v Article e03507
MARTIN ETAL.
implications for conservation, restoration and man-
agement. Silva Fennica 45:785–806.
Siitonen, J. 2001. Forest management, coarse woody deb-
ris and saproxylic organisms: fennoscandian boreal
forests as an example. Ecological Bulletins 49:10–41.
Stokland, J. N., J. Siitonen, and B. G. Jonsson. 2012.
Biodiversity in dead wood. Cambridge University
Press, New York, New York, USA.
Svensson, J., J. Andersson, P. Sandstr€om, G. Miku-
sinski, and B. G. Jonsson. 2019. Landscape trajec-
tory of natural boreal forest loss as an impediment
to green infrastructure. Conservation Biology
33:152–163.
Svensson, J., J. W. Bubnicki, B. G. Jonsson, J. Ander-
sson, and G. Mikusinski. 2020. Conservation signif-
icance of intact forest landscapes in the
Scandinavian Mountains Green Belt. Landscape
Ecology 35:2113–2131.
Thompson, I. D., J. A. Baker, S. J. Hannon, R. S. Rem-
pel, and K. J. Szuba. 2009. Forest birds and forest
management in Ontario: status, management, and
policy. Forestry Chronicle 85:245–257.
Tikkanen, O. P., P. Martikainen, E. Hyvarinen, K. Jun-
ninen, and J. Kouki. 2006. Red-listed boreal forest
species of Finland: associations with forest struc-
ture, tree species, and decaying wood. Annales
Zoologici Fennici 43:373–383.
Tingley, M. W., A. N. Stillman, R. L. Wilkerson, C. A.
Howell, S. C. Sawyer, and R. B. Siegel. 2018. Cross-
scale occupancy dynamics of a postfire specialist in
response to variation across a fire regime. Journal
of Animal Ecology 87:1484–1496.
Tingstad, L., J. A. Grytnes, V. A. Felde, A. Juslen, E.
Hyv€arinen, and A. Dahlberg. 2018. The potential to
use documentation in national Red Lists to charac-
terize red-listed forest species in Fennoscandia and
to guide conservation. Global Ecology and Conser-
vation 15:1–12.
Tremblay, J. A., R. D. Dixon, V. A. Saab, P. Pyle, and M.
A. Patten. 2020a. Black-backed woodpecker
(Picoides arcticus), version 1.0. In P. G. Rodewald,
editor. Birds of the World. Cornell Lab of Ornithol-
ogy, Ithaca, New York, USA.
Tremblay, J. A., D. L. Leonard Jr., and L. Imbeau.
2020b. American Three-toed Woodpecker (Picoides
dorsalis), version 1.0. In P. G. Rodewald, editor.
Birds of the World. Cornell Lab of Ornithology,
Ithaca, New York, USA.
Tremblay, J. A., J. Ibarzabal, C. Dussault, and J. P. L.
Savard. 2009. Besoins en termes d’habitat chez le
Pic a dos noir (Picoides arcticus) nichant en forêt
boreale non brûlee et sous amenagement. Avian
Conservation and Ecology 4:3.
Tremblay, J. A., J. Ibarzabal, and J. P. L. Savard. 2010.
Foraging ecology of black-backed woodpeckers
(Picoides arcticus) in unburned eastern boreal forest
stands. Canadian Journal of Forest Research
40:991–999.
Tremblay, J. A., J. Ibarzabal, and J. P. L. Savard. 2015a.
Contribution of unburned boreal forests to the
population of black-backed woodpecker in Eastern
Canada. Ecoscience 22:145–155.
Tremblay, J. A., J. P. L. Savard, and J. Ibarzabal. 2015b.
Structural retention requirements for a key ecosys-
tem engineer in conifer-dominated stands of a bor-
eal managed landscape in eastern Canada. Forest
Ecology and Management 357:220–227.
Tremblay, J. A., J. Ibarzabal, J.-P.-L. Savard, and S. Wil-
son. 2014. Influence of old coniferous habitat on
nestling growth of black-backed woodpeckers
Picoides arcticus. Acta Ornithologica 49:273–279.
Uhlig, P. A., G. Harris, C. Craig, B. Bowling, B. Cham-
bers, B. Naylor, and G. Beemer. 2001. Old-growth
forest definitions for Ontario. Ontario Ministry of
Natural Resources, editor. Queen’s Printer for
Ontario, Ontario, Ottawa, Canada.
Vergara, P. M., G. E. Soto, D. Moreira-Arce, A. D.
Rodewald, L. O. Meneses, and C. G. Perez-Hernan-
dez. 2016. Foraging behaviour in Magellanic wood-
peckers is consistent with a multi-scale assessment
of tree quality. PLOS ONE 11:1–22.
Vors, L. S., J. A. Schaefer, B. A. Pond, A. R. Rodgers,
and B. R. Patterson. 2007. Woodland caribou extir-
pation and anthropogenic landscape disturbance
in Ontario. The Journal of wildlife management
71:1249–1256.
Wagner, C., R. T. Schram, R. T. McMullin, S. L. Hunt,
and M. Anand. 2014. Lichen communities in two
pines (Pinus) forests. Lichenologist 46:697–709.
Ward, J. H. 1963. Hierarchical grouping to optimize an
objective function. Journal of the American Statisti-
cal Association 58:236–244.
Ward, C., D. Pothier, and D. Pare. 2014. Do boreal for-
ests need fire disturbance to maintain productiv-
ity? Ecosystems 17:1053–1067.
Warren, D. R., W. S. Keeton, H. A. Bechtold, and C. E.
Kraft. 2019. Forest-stream interactions in eastern
old-growth forests. Pages 159–178 in A. M. Barton,
W. S. Keeton, and T. A. Spies, editors. Ecology and
recovery of eastern old-growth forests. Island
Press, Washington, D.C., USA.
Watson, J. E. M., et al. 2018. The exceptional value of
intact forest ecosystems. Nature Ecology and Evo-
lution 2:599–610.
Wirth, C., C. Messier, Y. Bergeron, D. Frank, and A.
Fankh€anel. 2009. Old-growth forest definitions: a
pragmatic view. Pages 11–34 in C. Wirth, G. Gleix-
ner, and M. Heimann, editors. Old-growth forests:
function, fate and value. Ecological. Springer-Ver-
lag, Berlin, Germany.
 v www.esajournals.org 19 May 2021 v Volume 12(5) v Article e03507
MARTIN ETAL.
